Cadaverine, the expected raw material of polyamides, is produced by decarboxylation of L-lysine. If we could produce cadaverine from the cheapest sugar, and as a renewable resource, it would be an effective solution against global warming, but there has been no attempt to produce cadaverine from glucose by fermentation. We focused on Corynebacterium glutamicum, whose Llysine fermentation ability is superior, and constructed a metabolically engineered C. glutamicum in which the L-homoserine dehydrogenase gene (hom) was replaced by the L-lysine decarboxylase gene (cadA) of Escherichia coli. In this recombinant strain, cadaverine was produced at a concentration of 2.6 g/l, equivalent to up to 9.1% (molecular yield) of the glucose transformed into cadaverine in neutralizing cultivation. This is the first report of cadaverine fermentation by C. glutamicum.
Since the Industrial Revolution of the 18th century, heavy consumption of petroleum resources has resulted in rapid production of carbon dioxide, which has contributed to escalating global warming. One solution to this problem is to use polymers derived from renewable resources. Much attention has been focused on poly-lactic acid (PLA) in recent years. 1, 2) PLA is synthesized from lactic acid metabolized from glucose, and it can be used in a wide range of food packaging, film, and fiber applications, but it cannot transpose to all synthetic polymers.
PLA is a synthetic polymer classified into the polyester family. As with other synthetic polymers, polyamides based on amide combinations are used all over the world. About 1,200,000 tons of polyamides are produced in the world per year, and polyamide 6 (nylon 6) and polyamide 66 (nylon 66) make up 90% of these polyamides. If we can produce polyamides from renewable resources, this will be an effective measure against global warming on a worldwide scale. Polyamide 66 is produced by polymerization using hexamethylenediamine and adipic acid. Adipic acid is a dicarboxylic acid with six carbons, and succinic acid is the chemical compound with the structure most similar to adipic acid in vivo.
Succinic acid is synthesized during the TCA cycle in vivo. The bacterium producing succinic acid as its main metabolite has also been discovered.
3) Therefore, it is easy to produce dicarboxylic acid for application as a polymer raw material from renewable resources.
On the other hand, hexamethylenediamine is a diamine with six carbons, and cadaverine is the chemical compound with the structure most similar to hexamethylenediamine in vivo. Polyamide 54, which is polymerized from succinic acid and cadaverine, is expected to be the polyamide that is formed from these renewable sources (Fig. 1) .
L-lysine decarboxylase catalyzes the formation of cadaverine and CO 2 from L-lysine. In Escherichia coli, a previously characterized L-lysine decarboxylase is encoded by cadA and participates in the synthesis of cadaverine from L-lysine. This enzyme is inducible under anaerobic conditions at pH 5.5 by the addition of Llysine to the culture medium. 4, 5) Many bacteria produce L-lysine decarboxylase. 6, 7) In a previous report on chemosynthesis methods, cadaverine was obtained by decarboxylation of L-lysine with 2-cyclohexen-1-one as the catalyst. 8) When aiming at substitution of polyamides, it is important to consider manufacturing costs, but regardless of the chemosynthesis method and the biosynthesis method, the raw material of cadaverine is only L-lysine. In order to produce cadaverine more cheaply than L-lysine, it is very important to produce cadaverine from the cheapest sugar, as a renewable resource by direct fermentation, but bacteria producing cadaverine as their main metabolic product from sugar have not yet been discovered.
About 400,000 tons per year of L-lysine are produced using C. glutamicum from sugar. Hence, L-lysine synthesis has been studied thoroughly, and its regulatory y To whom correspondence should be addressed. Tel: +81-467-32-8874; Fax: +81-467-32-8937; E-mail: Takashi Mimitsuka@nts.toray.co.jp Abbreviation: PLA, poly-lactic acid mechanisms are sufficiently well understood to promote production of it.
9) The whole genome sequence of C. glutamicum has been determined. 10) Recently, a study reported that reconstruction of classically derived production strains based on genomic information is an effective approach for innovation of fermentation processes in the post-genomic era.
11)
Wild-type C. glutamicum cannot produce L-lysine. However, when L-homoserine dehydrogenase activity decreases or is deficient, L-lysine can be produced by C. glutamicum.
12)
We hypothesized that when a L-lysine decarboxylase expression cassette is inserted in the L-homoserine dehydrogenase gene on the C. glutamicum's chromosome, it simultaneously knocks out L-homoserine dehydrogenase activity and expresses L-lysine decarboxylase activity in C. glutamicum (Fig. 2) . In order to achieve cadaverine fermentation, we constructed a metabolically engineered C. glutamicum. We describe here preliminary methods to achieve cadaverine production by fermentation.
Materials and Methods
Bacterial stains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 .
Growth conditions. Luria-Bertani medium (LB) was used as the standard medium for E. coli. When appropriate, E. coli strains were cultured with ampicillin . Na (50 mg/ml), kanamycin (50 mg/ml), and chloramphenicol (20 mg/ml). Complete medium BY 13) and minimal medium MM 14) were used for cultivation of C. glutamicum. Solid plates were made by adding Bacto-Agar (Difco) up to a concentration of 1.8%. When required, kanamycin, chloramphenicol, and L-homoserine were added to final concentrations of 25, 15, and 50 mg/ml respectively for BY plates and MM plates. MMYE-1 medium used in a 5-l jar fermentor culture consisted of 50 g/l glucose, 0.5 g/l yeast extract (Difco), 0.5 g/l L-homoserine, 20 g/l (NH 4 ) 2 SO 4 , 1 g/l urea, 2.5 g/l
Cadaverine
Succinic acid L-Aspartate Construction of plasmids and strains. To discuss simply a comparison of L-lysine-producing recombinant and cadaverine-producing recombinant were constructed by chromosome insertion. Plasmids were constructed in E. coli JM109 from PCR-generated fragments using C. glutamicum ATCC 13032 DNA, E. coli JM109 DNA, or B. subtilis IFO 13719 DNA as template. C. glutamicum was transformed by electroporation. 15) All transformants were analyzed by plasmid analysis and/or PCR with appropriate primers. The primers used in this study are listed in Table 2 .
In order to construct pTM38, sacB, the levansucrase gene of B. subtilis, 16) was amplified by PCR using upstream primers sacB (Sac I)-F and sacB (Sac I)-R. PCR fragments were cloned into the Sac I sites of pHSG298, resulting in plasmid pTM38.
In order to construct pTM44, hom was amplified by PCR using upstream primers hom (Sph I)-F and hom (BamH I)-R. PCR fragments were cloned into pTM38 digested with Sph I and BamH I, resulting in plasmid pTM44.
The Cm r gene in pHSG398 was amplified by PCR using upstream primers Cm r (Aor51H I)-F and Cm r (Aor51H I)-R. PCR fragments were cloned into pTM44 digested with Aor51H I, resulting in plasmid pTM62. Similarly, the promoter of the Km r gene in pHSG298 was amplified by PCR using upstream primers kmp (BamH I)-F and kmp (Kpn I, Nco I)-R. PCR fragments were cloned into pUC19 digested with BamH I and Kpn I, resulting in plasmid pkmp.
In order to construct pTM24, cadA was amplified by PCR using upstream primers cadA (Nco I)-F and cadA (Sac I)-R. PCR fragments were cloned into pkmp digested with Nco I and Sac I, resulting in plasmid pTM24.
In order to construct pTM45, cadA under the control of the promoter of the Km r gene in pTM24 was amplified by PCR using upstream primers kmp (Aor51H I)-F and cadA (Aor51H I)-R. PCR fragments were cloned into pTM44 digested with Aor51H I, resulting in plasmid pTM45.
The Cm r gene and cadA in pTM62 and pTM45 respectively were introduced into C. glutamicum ATCC 13032 via two recombination events. Since plasmids pTM62 and pTM45 cannot replicate in C. glutamicum, transformation of C. glutamicum ATCC 13032 with each plasmid and subsequent selection for the plasmid marker kanamycin resistance yielded transformants that integrated plasmid DNA into the genome via a single crossover homologous recombination event. Next, each kanamycin-resistant integrant was grown without kanamycin for 1 d to allow for a second recombination event to take place, and an appropriate dilution (10 4 -10 5 cells) of cells was spread on BY plates containing 10% sucrose, yielding about 10 2 colonies. The sacB positive selection system 17) was used for this purpose. Since expression of integrated plasmid-bearing sacB in the presence of sucrose is lethal to C. glutamicum, only cells in which sacB was deleted as a consequence of the second homologous recombination grew in selective plates.
Cadaverine and L-lysine production in 5-l jar fermentor cultures. Cells grown on BY plates at 30 C for 1 d were inoculated into 50 ml of MMYE-1 medium in a 500-ml Erlenmeyer flask. The resulting cultures were incubated for 1 d at 30
C with shaking at 180 rpm. The seed broth was transferred into a 5-liter jar fermentor containing 1,450 ml of MMYE-1 medium. The culture was agitated at 650 rpm and aerated at 2 l/min at 30 C. The pH was maintained at 7.3 with 4 N NH 4 OH and 1 N HCl.
Analysis. Cell growth was monitored by measuring OD 660 nm of the culture broth using an Ultrospec1100 pro (Amersham Biosciences) spectrophotometer. Glucose concentration was determined using the Glucose CIItest Wako (Wako Pure Chemicals, Osaka). L-lysine and cadaverine concentrations were determined by HPLC (Shimadzu, Kyoto) after derivatization with 2,4-dinitrofluorobenzene using an Inertsil ODS-3 column (4:6 mm Â 75 mm) (GL Sciences, Tokyo). Individual samples (25 ml), 12.4 mM 1,4-diamonobutane as internal standard (25 ml), 75 mM NaHCO 3 (400 ml), and 200 mM 2,4-dinitorofluorobenzene in ethanol (150 ml), were mixed and incubated at 37 C. After 1 h, the reaction solution (50 ml) was mixed with acetonitrile (1,000 ml) to stop the reaction. The solution for analysis was prepared by removing NaHCO 3 by centrifugation at 10,000 rpm for 5 min.
Enzyme assay. Cultures were harvested by centrifugation at 10,000 rpm at 4 C for 10 min. Cell pellets were washed once with 50 mM acetate buffer (pH 6.0). Cell suspensions were sonicated using an ultrasonic homogenizer in an ice water bath for 60 min (working time, 2 min, cooling interval time, 2 min). Cell debris was removed by centrifugation (10,000 rpm, 4 C, 30 min) and the supernatant was used as crude extract for the enzyme assay. Protein concentrations were measured with a Bio-Rad protein assay kit. L-lysine decarboxylase activity was analyzed by determining the cadaverine concentration by HPLC. Assays were performed intermittently in mixtures (500 ml) containing 50 mM acetate buffer (pH 6.0), 70 mM L-lysine . HCl, and 1 mM pyridox-
al-5
0 -phospahe at 37 C. The reactions were stopped after 1 h by adding 1 M K 2 CO 3 (500 ml). One unit of Llysine decarboxylase activity was defined as the amount of enzyme that catalyzed 1 mmol of cadaverine per min at 37 C.
Results and Discussion
Construction of L-lysine and cadaverine-producing C. glutamicum
There is no previous example in the literature showing production of cadaverine by C. glutamicum from glucose. Hence we first investigated whether C. glutamicum would grow under high concentrations of cadaverine. First we tested the growth of C. glutamicum on BY plates with various concentrations of cadaverine at pH 7.5. We found that C. glutamicum grew even in the presence of approximately 0.3 M of cadaverine. Then we started to construct cadaverineproducing C. glutamicum using recombinant methods.
C. glutamicum TM45 containing the cadA gene in place of the hom gene was constructed. C. glutamicum TM62 with the hom gene knocked out by the Cm r gene was also constructed (Fig. 3) . We verified the inserted positions of the cadA and Cm r genes by PCR using hom (Sph I)-F and hom (BamH I)-R outside primers for the hom gene, and template DNAs of C. glutamicum ATCC 13032, TM62, and T45 respectively. The sizes of the PCR fragments of ATCC 13032, TM62, and TM45 were approximately 1.3 kbp, 2.5 kbp, and 3.5 kbp respectively. These sizes were as expected. In addition, when we amplified fragments by PCR using Cm r (Aor51H I)-F and hom (BamH I)-R as template DNA from TM62, and cadA (Nco I)-F and hom (BamH I)-R as template DNA from TM45, we obtained 1.6-kbp and 2.7-kbp PCR fragments respectively at the expected molecular sizes (data not shown).
Next, an auxotrophy for L-homoserine was confirmed using the growth test in minimum medium with or without 50 mg/ml L-homoserine. TM45 and TM62 did not grow in minimum medium, but growth was made possible by adding 50 mg/ml L-homoserine to the minimum medium. These results indicate an auxotrophy of L-homoserine in TM45 and TM62, suggesting that the hom gene had been accurately knocked out. In addition, the cell crude extract of TM45 contained L-lysine decarboxylase activity.
Cadaverine fermentation
Cadaverine and L-lysine production was examined under neutralizing aerobic conditions in MMYE-1 medium containing 50 g/l of glucose as a carbon source. The growth (OD 660 nm ) of TM45, the cadaverine-pro- ducing C. glutamicum, reached a maximum at an OD 660 nm reading of 57.9 within 15 h, and subsequently decreased. The growth rate was 4.98/h (6-12 h). In comparison, the growth of TM62, the L-lysine-producing C. glutamicum, reached a maximum at an OD 660 nm reading of 53.1 within 15 h, and subsequently remained stationary. The growth rate was 5.00/h (6-12 h). No adverse effect was observed on growth with the production of cadaverine, but the OD 660 nm of TM45 decreased in the glucose-depletion state (after 18 h). The decrease in OD 660 nm of TM62 was not significant. This suggests that cadaverine promoted bacteriolysis of C. glutamicum in a glucose-depleted environment (Fig. 4) . In C. glutamicum TM45, cadaverine was produced at a concentration of 2.6 g/l at 18 h. This is the first report of successful cadaverine fermentation from glucose. However, L-lysine was produced at a concentration of 2.3 g/l as a by-product at 18 h. We expect that it is possible to improve the yield of cadaverine with optimization of the L-homoserine concentration. In comparison, C. glutamicum TM62 produced 5.2 g/l L-lysine at 18 h (Fig. 4) . TM45 and TM62 were observed to convert about 12-15% (molecular yield) of the glucose added into end-products (cadaverine and L-lysine). This indicates that the carbon fluxes to L-lysine from glucose in TM45 and TM62 were almost equal.
Aspartokinase of C. glutamicum is inhibited by Llysine and L-threonine. It is known that the aspartokinase of L-lysine-producing mutant strains, for example Llysine analogue resistant C. glutamicum, is partially feedback-resistant to L-lysine and L-threonine. 18) This mechanism might be useful for cadaverine fermentation. If it is possible to decrease L-lysine as a by-product, the concerted feedback inhibition of aspartokinase might be inhibited.
There was 50 U/mg-protein of L-lysine decarboxylase activities (total activity, 2,000 U) after glucose depletion (15 h-48 h). As for these activities, it should be possible to convert L-lysine to cadaverine completely by allowing the reaction to run for several min, but L-lysine in the medium was not converted to cadaverine. This result suggests that the catalytic reaction of L-lysine decarboxylase dose not advance smoothly in vivo. We assumed that there was a problem in the excretion of cadaverine. The pKa value of cadaverine is 9.13. Therefore, most of the cadaverine formed inside C. glutamicum was ionized, and ionized cadaverine is difficult to transmit passively to the hydrophobic cell membrane. Cadaverine is a competitive inhibitors of L-lysine decarboxylase. 4) We hypothesize that since C. glutamicum originally does not produce cadaverine, the activity of cadaverine excretion is weak. Therefore, high concentrations of cadaverine in vivo cause a decrease in Llysine decarboxylase activity with competitive inhibition. We consider it possible to improve the yield of cadaverine by increasing L-lysine decarboxylase expression with a more powerful promoter. However, if excretion of cadaverine can be improved in order to cancel out competitive inhibition, the yield of cadaverine can be improved at the present L-lysine decarboxylase expression level.
Accumulation of cadaverine showed that some cadaverine active transporters might exist even in C. glutamicum. A previous study on L-lysine excretion by C. glutamicum has been performed, and the transporter of L-lysine has also been identified, 19) but there has been no report on cadaverine excretion by C. glutamicum.
In the future, the cadaverine transporter of C. glutamicum should be identified so that its excretory ability can be considered. Cadaverine fermentation by C. glutamicum whose L-lysine fermentation ability is superior suggests a promising cadaverine production method. 
